The human-restricted pathogen Streptococcus pyogenes (Group A Streptococcus, GAS) is 27 responsible for wide-ranging pathologies at numerous sites in the body, but has the proclivity to 28 proliferate in individuals asymptomatically. The ability to survive in diverse tissues is 29 undoubtedly benefited by sensory pathways that recognize environmental cues corresponding 30 to stress and nutrient availability and thereby trigger adaptive responses. We investigated the 31 impact that environmental signals contribute to cell-to-cell chemical communication (quorum 32 sensing, QS) by monitoring activity of the Rgg2/Rgg3 and SHP-pheromone system in GAS. We 33 identified metal limitation and the alternate carbon source mannose as two environmental 34 indicators likely to be encountered by GAS in the host that significantly induced the Rgg-SHP 35 system. Disruption of the metal regulator MtsR partially accounted for the response to metal 36 depletion, whereas ptsABCD was primarily responsible for QS induction due to mannose, but 37 each sensory system induced Rgg-SHP signaling apparently by different mechanisms. 38 Significantly, we found that induction of QS, regardless of the GAS serotype tested, led to 39 enhanced resistance to the antimicrobial agent lysozyme. These results indicate the benefits for 40 GAS to integrate environmental signals with intercellular communication pathways in protection 41 from host defenses. 42 43 44 45 3
Summary 26
The human-restricted pathogen Streptococcus pyogenes (Group A Streptococcus, GAS) is 27 responsible for wide-ranging pathologies at numerous sites in the body, but has the proclivity to 28 proliferate in individuals asymptomatically. The ability to survive in diverse tissues is 29 undoubtedly benefited by sensory pathways that recognize environmental cues corresponding 30 to stress and nutrient availability and thereby trigger adaptive responses. We investigated the 31 impact that environmental signals contribute to cell-to-cell chemical communication (quorum 32 sensing, QS) by monitoring activity of the Rgg2/Rgg3 and SHP-pheromone system in GAS. We 33 identified metal limitation and the alternate carbon source mannose as two environmental 34 indicators likely to be encountered by GAS in the host that significantly induced the Rgg-SHP 35 system. Disruption of the metal regulator MtsR partially accounted for the response to metal 36 depletion, whereas ptsABCD was primarily responsible for QS induction due to mannose, but 37 each sensory system induced Rgg-SHP signaling apparently by different mechanisms. 38 Significantly, we found that induction of QS, regardless of the GAS serotype tested, led to 39 enhanced resistance to the antimicrobial agent lysozyme. These results indicate the benefits for 40 GAS to integrate environmental signals with intercellular communication pathways in protection 41 from host defenses.
Introduction 46 The relationship between bacteria and their host may be peaceful, as in the case of 47 commensals, or volatile and contentious, as in the case of pathogens. For some bacteria, it may 48 at times be both, with the balance between ongoing interactions determining clearance, 49 carriage, or progression to disease. Streptococcus pyogenes (Group A Streptococcus, GAS) is 50 one of these organisms. Generally considered a strict human pathogen, GAS causes infections 51 ranging from mild (impetigo, strep throat) to severe (septicemia, necrotizing fasciitis). However, 52 up to ~15% of healthy individuals, depending on age, are asymptomatically colonized by this 53 bacterium (Durmaz et al., 2003 , Hoffmann, 1985 , Martin et al., 2004 , Shaikh et al., 2010 . 54 Though the oropharynx is thought to be the primary site of colonization, GAS may also be 55 present in the gastrointestinal and genitourinary tracts, underscoring the importance of its ability 56 to adapt to diverse and dynamic environments (Berkelman et al., 1982 peptide pheromones and Rgg-family receptors in GAS provide a new avenue to explore the role 62 of quorum sensing as a mechanism used by these bacteria to influence outcomes of microbe-63 host interactions. 64 Four genes encoding Rgg-like proteins are present in all GAS strains sequenced to date. Rgg2/3 pathway in terms of providing any benefit to the bacterium, particularly in consideration 85 of the restrictive growth environment of the host, remains poorly explained. 86 The limitation of key nutrients available to potential pathogens is termed nutritional 87 immunity (Weinberg, 1975) (Freter, 1983 , King, 2010 , Ng et al., 2013 . Thus, nutrient 95 quantity and quality can be the prescient stimuli that trigger adaptive changes to promote 96 survival of microbes in a changing environment. Despite advancements in our understanding of 97 the operational mechanism of the Rgg-SHP signaling pathway, the precise conditions that lead 98 to its utilization and expression in vivo remain unclear. In this work, we identify two 99 environmental conditions likely to be encountered by GAS in the host that trigger Rgg-SHP 100 system induction -metal limitation and alternate carbon source availability. Both conditions 101 require Rgg2 and SHPs to modulate gene expression, and regulation by the latter stimulus is 102 dependent upon the expression of the inducible mannose PTS system, ptsABCD. We extend 103 our previous observation that expression of the Rgg-SHP regulon favors biofilm development 104 and show that induced cells aggregate more readily and exhibit altered sensitivity to some 105 antibiotics. Finally, we demonstrate that at least one consequence of Rgg-SHP regulon 106 expression is resistance to lysozyme, an important antimicrobial host defense mechanism 107 present in mucosal secretions and lysozomes of neutrophils and macrophages. This phenotype 108 is conserved among multiple wild-type GAS serotypes and may promote GAS colonization of 109 and persistence within the host. 
Results

112
Metal deplete conditions induce P shp expression. 113 Limiting the availability of transition metals to pathogens is a host innate immune 114 strategy that can also serve as an environmental signal leading to adaptive changes in bacterial 115 gene expression. In GAS, multiple metal acquisition systems are present, including those for repressor, MtsR, in response to iron and/or manganese levels (Hanks et al., 2006) , and these 120 two metals also affect binding of the repressor to the sia promoter (Bates et al., 2005) . 121 Microarray analyses comparing wild-type and ∆mtsR strains demonstrated that aroE.2, the gene 122 directly downstream of shp3, is upregulated in the ∆mtsR mutant, and electromobility shift 123 assays and DNaseI footprinting analysis confirmed that MtsR binds upstream of shp3, 124 suggesting that this gene and the downstream operon could be regulated by low metal 125 conditions (Toukoki et al., 2010) . To test the possibility that metal limitation is an environmental 126 signal regulating Rgg-SHP induction, a chemically-defined medium (CDM) described previously 127 (Chang et al., 2011 , van de Rijn & Kessler, 1980 was treated with Chelex-100 resin to remove 128 divalent cations (CxCDM). In the original recipe for CDM, CaCl 2 , FeSO 4 , MgSO 4 , and MnSO 4 129 are added as supplements. We found that bacteria could not grow in unsupplemented CxCDM 130 or in CxCDM supplemented with calcium, iron, or manganese alone; furthermore, the addition of 131 1 mM MgSO 4 was required to achieve ~50% of the final growth of fully-supplemented CDM 132 (data not shown). Since iron and manganese are two metals to which MtsR has been reported 133 to respond in GAS, we chose to focus on the effect of these cations on Rgg-SHP induction 134 under conditions with fixed MgSO 4 and CaCl 2 content. Wild-type NZ131 and isogenic ∆rgg2, 135 ∆rgg3, or shp2 GGG shp3 GGG (start codons mutated to abolish production of both peptides; thuringiensis strains. As this biosynthetic cluster is regulated by metal-deplete conditions, we 159 tested whether Rgg-SHP-regulated genes are important for iron acquisition. To determine 160 whether intracellular iron content increased after induction with synthetic peptide, strains were 161 exposed to a range of concentrations of the iron-activated antibiotic, streptonigrin. No 162 differences were observed between wild-type NZ131 treated with synthetic SHP3-C8 (C8) or a 163 synthetic peptide with the same residues but in reversed order (rev), or ∆rgg3 (Table S1 ). In 164 contrast, the MIC of the ∆mtsR control strain was determined to be 4-fold lower than wild-type, 165 consistent with previous observations that this mutant is hypersensitive to this compound (Bates Pseudomonas aeruginosa, a well-documented producer of siderophores, was included as a 171 positive control. No color change was noted for GAS strains, indicating a lack of siderophore 172 production (data not shown). Thus, while an environmental stimulus controlling the Rgg-SHP 173 regulon appears to be metal availability, we have no evidence that these genes play a role in 174 metal homeostasis at this time.
176
Growth on non-glucose carbon sources induces P shp expression. 177 In bacteria, the processes of nutrient import and metabolism are tightly linked with gene 178 regulation events. It is well understood that depletion of glucose and the switch to a secondary 179 carbon source lead to distinct changes in gene expression (Gorke & Stulke, 2008) . Several 180 transcriptomic studies have shown that GAS triggers the expression of genes involved in uptake (Table S2 ). Of the non-glucose carbon sources that allowed growth in this screen, only 192 mannose induced a robust increase in expression from P shp , suggesting a specialized role for increasing amounts of glucose were added to CDM containing 1% mannose, and growth and 223 P shp3 -luxAB activity were monitored. We observed a dose-dependent increase in the growth rate 224 of the reporter strain concurrent with dose-dependent repression of the P shp3 -lux reporter; hence 225 shp induction by mannose is subject to CCR by glucose ( Fig. 2C, D) . Apart from glucose, 226 sucrose, fructose, maltose, and lactose are the other main mono-and disaccharides of the 227 human diet (Keim et al., 2005) and could be carbon sources available to GAS growing on the 228 saliva-bathed surfaces of the oropharynx. Unlike glucose, addition of fructose, sucrose, and 229 lactose at concentrations >10-fold molar excess of mannose did not inhibit the expression of the 230 shp reporter (Fig. S3 ). Thus, mannose appears to be a specific signal that can be detected even 231 in the presence of other dietary sugars. strain was unable to grow on mannose, fructose, glucosamine, or N-acetyl-glucosamine, but 244 was able to grow on non PTS-Man substrates glucose and sucrose (Fig. 3B ). In contrast, 245 growth of the ptsC and agaW mutants on all sugars was similar to that observed for wild-type 246 ( Fig. 2A, 3D , F). These results demonstrate that ManLMN is the primary PTS for import of 247 mannose, fructose, glucosamine and NAG, and that neither PtsABCD nor AgaFVWD are 248 sufficient to support robust growth on these substrates when ManLMN is absent. When we 249 examined the effect of PTS disruption these strains' ability to participate in Rgg-SHP signaling 250 during growth on the specific PTS-Man substrates capable of inducing P shp3 , mannose and 251 fructose, we observed that unlike wild-type and the agaW mutant, manM and ptsC exhibited 252 minimal reporter induction when grown on mannose or fructose ( Fig. 2B, 3C , E, G). However, 253 interpretation of the manM mutant's results was confounded by the severe growth defect of this 254 strain on these sugars; it is possible this strain was not able to grow sufficiently to trigger 255 signaling. In contrast, disruption of ptsC had minimal effect on growth yet induction of P shp3 was 256 dramatically reduced, suggesting this PTS transporter is essential to activate SHP signaling in 257 response to these sugars ( Fig. 3D, E) . A transcriptional luciferase reporter for ptsA was 258 constructed and showed that expression of this operon was also mannose-responsive and 259 subject to CCR (Fig. S4A ), and the signaling defect of the ptsC mutant could be fully 260 complemented by expressing ptsABCD from a constitutive promoter on a multi-copy plasmid 261 ( Fig. S4B ). Finally, when exposed to synthetic C8 peptide, a condition that bypasses the 262 environmental cues needed to trigger Rgg-SHP signaling, all mutants responded similarly to 263 wild-type ( Fig. 3C , E, G). Taken together, these data suggest that all three mutants' capacity to 264 respond to pheromone is intact and that the importance of PtsABCD lies in sensing and/or 265 transducing signals specifically related to carbon source availability. cues may occur at one locus versus the other. To begin to test whether metal limitation and 281 carbon source availability rely on separate mechanisms of induction, P shp3 reporter activity in the 282 ptsC mutant was observed during growth in metal-deplete conditions. In contrast to its inability 283 to exhibit full induction in response to mannose, P shp3 -luxAB expression increased under metal 284 limitation similar to wild-type ( Fig. 4A ), suggesting that the induction of Rgg-SHP signaling due 285 to low metal conditions occurs independently of this PTS. We next examined the expression of 286 rgg2 and rgg3 under the different conditions. While the addition of synthetic peptide to P rgg2 -287 luxAB and P rgg3 -luxAB reporter strains led to a slight decrease in the transcription of both genes, 288 and expression of the reporters remained unchanged (P rgg2 ) or decreased slightly (P rgg3 ) when 289 strains were grown in metal-deplete conditions, the pattern of expression of the two reporters 290 diverged when cells were grown in mannose (Fig. 4B ). P rgg3 expression decreased slightly, but 291 there was a ~2.5-fold increase in the expression of P rgg2 relative to control conditions. We have Previously, we demonstrated that the ∆rgg3 mutant or wild-type cells stimulated with 302 synthetic peptide formed robust biofilms in strain NZ131 (Chang et al., 2011) . In the process of 303 monitoring biofilm development, we noticed that induced cells also aggregate more quickly as 304 assessed by a method measuring settling rates of cells ( Fig. 5A ). We reasoned that increased 305 aggregation and biofilm formation could be linked to changes in cell-wall composition or cell-306 surface architecture due to variable display of surface structures, including proteins or glycans. 307 To begin exploring differences in the cell wall of induced or uninduced cells, log-phase cells 308 were exposed to a range of concentrations of chicken egg white lysozyme in 96-well plates and 309 incubated overnight. When wild-type NZ131 was pretreated with C8 before exposure to the 310 muramidase, we observed an eight to 16-fold increase in the minimum inhibitory concentration 311 (data not shown). Subsequently, a killing assay was performed in which strains were exposed to 312 a lethal concentration of lysozyme and plated for CFUs. Wild-type NZ131 was rapidly killed over 313 the course of four hours; in contrast, the ∆rgg3 mutant was resistant to lysozyme-mediated 314 killing (Fig. 5B ). In accordance with what we observed in the 96-well format assay, survival of 315 wild-type cells induced with synthetic C8 peptide before exposure to lysozyme was similar to 316 that of ∆rgg3. To rule out the possibility that increased sensitivity to lysozyme was due to 317 noticeable changes in growth rates seen during Rgg-SHP induction, wild-type cells were grown 318 in subinhibitory concentrations of chloramphenicol or spectinomycin which resulted in a rate of 319 growth comparable to that of C8-treated cultures; subsequent exposure to lysozyme 320 demonstrated that antibiotic-treated cells were equally sensitive to lysozyme as untreated wild-321 type (Fig. S5) . Finally, addition of C8 peptide to ∆rgg2 had no effect on survival. 322 A panel of antibacterial compounds was also tested for effects on cells expressing the 323 Rgg-SHP regulon versus uninduced cells. No differences in MIC were observed for certain 324 antibiotics that specifically target the cell wall or cell wall biosynthesis, including ampicillin, 325 bacitracin, polymixin B, and vancomycin. However, a two-fold increase in the MIC of D-326 cycloserine, which disrupts the production of peptidoglycan monomers in the cytoplasm, was 327 observed for cultures pre-treated with synthetic C8 but not reverse peptide or DMSO alone 328 (Table S1 ). Because cycloserine acts within the cytoplasm, we also tested other antimicrobial 329 compounds or chemicals that would have unfavorable effects in the cytosol. No differences in 330 sensitivity were observed between induced and uninduced cultures exposed to 331 chloramphenicol, rifampicin, or hydrogen peroxide. Surprisingly, SHP-treated cells also 332 exhibited a modest increase in sensitivity to erythromycin, spectinomycin, and paraquat, and an 333 eight to 16-fold increase in sensitivity to the aminoglycosides kanamycin and streptomycin 334 (Table S1 ). The trends in decreased (cycloserine) and increased (erythromycin, kanamycin, 335 spectinomycin, and streptomycin) sensitivity were also observed in the ∆rgg3 mutant in which 336 the system is constitutively activated and required intact Rgg-SHP signaling, as resistance of 337 the ∆rgg2 mutant was mostly unchanged by the addition of peptide.
339
Metal limitation and mannose independently induce lysozyme resistance. 340 Initial experiments monitoring killing after lysozyme exposure were performed by 341 artificially inducing Rgg-SHP signaling with synthetic peptide (Fig. 5B ). We next tested whether 342 growth of GAS in the environmental conditions observed to induce P shp expression as described 343 above was sufficient to confer resistance to lysozyme. For both metal depletion and mannose, 344 reporter strains were grown under inducing conditions and monitored for P shp3 induction before 345 dilution into fresh media containing lysozyme. Samples were removed, serially diluted, and 346 plated for CFUs at different time points. In both cases, P shp3 induction in response to 347 environmental cues correlated with increased survival after lysozyme exposure (Fig. 5C, D) . Recently, our lab identified cyclosporin A (CsA) as an inhibitor of Rgg-SHP signaling, 352 specifically competing with SHP pheromones to bind the Rgg receptors (Aggarwal et al., 2015) . 353 To ask whether CsA could block the induction of lysozyme resistance in response to synthetic 354 SHP, wild-type NZ131 was treated with the inhibitor, and lysozyme resistance was monitored by 355 enumeration of CFU. When added at a 1:1 molar ratio with C8 peptide, CsA had minimal effect 356 on the cells' survival; as this assay was performed with wild-type cells that autoinduce shp2 and 357 shp3 expression, it seems likely that CsA was outcompeted by endogenously-produced peptide. 358 However, when CsA was added at 10-and 100-fold higher concentrations (100 nM and 1 µM, 359 respectively) relative to C8, cells were killed in a manner resembling samples treated with CsA 360 or vehicle alone (Fig. 5E ). Although CsA has not been shown to affect bacterial growth at 361 concentrations as high as 10 µM (Aggarwal et al., 2015) , we did observe a slight increase in 362 sensitivity to lysozyme relative to vehicle in cultures treated with CsA alone at high 363 concentrations ( Fig. S6 ).
365
Rgg-dependent regulation of lysozyme resistance is conserved in multiple GAS strains. 366 The majority of our work to understand the Rgg-SHP system has used NZ131, an M49 367 serotype, as a model strain. To confirm that induction of Rgg-SHP contributes to resistance to 368 lysozyme across multiple serotypes, we tested the following wild-type GAS strains: MGAS5005 369 (M1), MGAS315 (M3), MGAS10394 (M6), and HSC5 (M14). First, induction of Rgg-SHP 370 signaling in response to synthetic peptide was confirmed in strains carrying a multi-copy P shp3 -371 luxAB reporter; all strains exhibited increased luciferase activity upon the addition of synthetic 372 peptide, although they varied in maximum reporter induction in response to decreasing peptide, 373 with NZ131 and HSC5 being the most sensitive to lower levels of pheromone (Fig. S7) . When 374 challenged with lysozyme, the strains also exhibited a range of innate resistance, with NZ131 375 being the most sensitive and MGAS315 the most resistant. However, treatment with synthetic 376 C8, but not reverse peptide, led to enhanced survival in lysozyme of all of the strains (Fig. 5F ). 377 Thus, it appears that the Rgg-SHP-mediated lysozyme resistance is conserved across multiple 378 GAS strains. 379 We next tested whether metal depletion or growth on mannose was sufficient to induce 380 Rgg-SHP signaling and lysozyme resistance in the other GAS serotypes. Under metal-deplete 381 conditions, P shp3 -luxAB induction was observed for MGAS5005, MGAS315, and HSC5, but not 382 MGAS10394; however, all strains exhibited increased survival when challenged with lysozyme 383 (Fig. S8 ). More strain variability was observed when cells were grown on mannose as the 384 primary carbon source (Fig. S9 ). MGAS5005 and HSC5 reporter strains showed P shp3 induction, 385 but the former did not exhibit increased survival in lysozyme. MGAS315 exhibited very little 386 reporter induction, yet cells were more lysozyme resistant. MGAS10394 failed to grow on 387 mannose. Taken together, these data indicate that regulatory connections between upstream 388 environmental signaling pathways and lysozyme resistance display variability in robustness 389 among GAS serotypes, as is assessable using metal depletion and mannose culturing 390 conditions optimized for NZ131, but the trend among these strains to enhance resistance in 391 these conditions indicates that sensory pathways are generally conserved in multiple serotypes.
393
Discussion
394
Group A Streptococcus has proven adept in its interactions with its human host, yet our 395 understanding of how this bacterium coordinates signals received from its environment to 396 persist in the face of host immune defenses is incomplete. GAS is primarily regarded as an 397 oropharyngeal colonizer, but it also causes skin disease, vulvovaginitis and perianal infections, 398 and likely transits through the gastrointestinal tract due to swallowing of saliva and food. Thus, 399 the environments it encounters may be more diverse than what is recognized clinically. 400 Recognizing its location by detection of available nutrients would be an ideal cue to control 401 appropriate colonization, immune-evasion, and competitive-advantage genes at appropriate 402 times and places. We show here that one of the ways GAS responds to the specific signals of 403 metal restriction and alternate carbon source availability is the upregulation of the Rgg-SHP 404 quorum-sensing system, and that at least one of the consequences of this upregulation is an 405 increased resistance to lysozyme. 406 Interestingly, the mechanisms by which metal and carbon source availability induce Rgg-407 SHP signaling appear to differ (Fig. 6) . For the former, it seems likely that the metallorepressor, (Hoover et al., 2015) . Galactose, like mannose, is another 439 prominent carbohydrate present in glycans on airway epithelia available to bacteria as carbon 440 sources (Buckwalter & King, 2012) . The apparent ability of galactose to induce quorum-sensing 441 signaling provides a precedent for conditional activation of cell-cell signaling in streptococci. 442 The observations described in this text indicate that the mechanisms underlying the 443 impetus of quorum sensing can initiate at one or the other side of the dual-sensor pathway 444 (either Rgg2-SHP2 or Rgg3-SHP3), and provide a logical explanation for the complexity and 445 apparent redundancy in having two nearly identical pheromones and two receptors encoded at 446 two chromosomal loci. While only one ligand-receptor pair would seemingly suffice for purposes 447 of controlling target-gene expression, perhaps two loci allows for a simple mechanism to 448 integrate multiple environmental cues. While this scenario, on its face, does not evoke an idea 449 of efficient use of genomic content, in GAS the Rgg2/3 circuitry is conserved absolutely among 450 all available sequenced genomes (>200 genomes), attesting to an evolutionary selection to 451 maintain this complex design. 452 Among the consequences of the induced quorum-sensing genes and their targets is an 453 altered cellular surface resulting in an increased resistance to lysozyme. As we have reported 454 previously, biofilm development is also observed, but by our assessment is reproducible for only 455 a few strains that have been tested, namely NZ131 and GA19681. As indicated here, enhanced 456 lysozyme resistance was observed following quorum-sensing induction for all five strains of 457 varying serotype that we tested. The mechanism underlying lysozyme resistance, or 
